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Replant disease (RD) severely affects apple production in propagation tree nurseries and
in fruit orchards worldwide. This study aimed to investigate the effects of soil disinfection
treatments on plant growth and health in a biotest in two different RD soil types under
greenhouse conditions and to link the plant growth status with the bacterial community
composition at the time of plant sampling. In the biotest performed we observed that the
aboveground growth of apple rootstock M26 plants after 8 weeks was improved in the
two RD soils either treated at 50◦C or with gamma irradiation compared to the untreated
RD soils. Total community DNA was extracted from soil loosely adhering to the roots and
quantitative real-time PCR revealed no pronounced differences in 16S rRNA gene copy
numbers. 16S rRNA gene-based bacterial community analysis by denaturing gradient
gel electrophoresis (DGGE) and 454-pyrosequencing revealed significant differences in
the bacterial community composition even after 8 weeks of plant growth. In both soils,
the treatments affected different phyla but only the relative abundance of Acidobacteria
was reduced by both treatments. The genera Streptomyces, Bacillus, Paenibacillus, and
Sphingomonas had a higher relative abundance in both heat treated soils, whereas the
relative abundance of Mucilaginibacter, Devosia, and Rhodanobacter was increased in
the gamma-irradiated soils and only the genus Phenylobacterium was increased in both
treatments. The increased abundance of genera with potentially beneficial bacteria, i.e.,
potential degraders of phenolic compounds might have contributed to the improved
plant growth in both treatments.
Keywords: biotest, apple replant disease, DGGE, qPCR, pyrosequencing, bacterial community composition,
bacterial diversity
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INTRODUCTION
Intensive production of perennial and annual crops in the same
area might lead to replant problems which become evident by
low yields and growth reduction (Hoestra, 1994). The replant
problems are potentially caused by both biotic and abiotic factors
(Hoestra, 1994; Politycka and Adamska, 2003). The decline
in plant growth evoked by biotic factors is called “replant
disease” (RD; Utkhede, 2006). The RD was already reported by
Klaus (1939), and the disease incidence is typically resident and
persistent. It is most likely that biotic factors including soilborne
pathogens play a major role since signiﬁcantly improved growth
after heat or chemical soil treatment was reported compared to
the growth in untreated soil (Mai andAbawi, 1978; Hoestra, 1994;
Parchomchuk et al., 1994; Utkhede, 2006; Yim et al., 2013). The
important role of soilborne organisms in apple RD was recently
discussed in a review by Mazzola and Manici (2012). As reported
in various studies, possible causes of apple RD diﬀered widely
between regions and included actinomycetes (Westcott et al.,
1986; Otto et al., 1994), Pythium sp. (Hoestra, 1994; Emmett et al.,
2014), Cylindrocarpon sp., Phytophthora sp. and Rhizoctonia
solani (Mazzola, 1998; Tewoldemedhin et al., 2011; Kelderer et al.,
2012) as well as nematodes, e.g., Pratylenchus penetrans (Mai
et al., 1994).
Bacteria and fungi associated with apple RD were traditionally
identiﬁed after isolation from the respective soils. However,
the soil microbial diversity is highly complex and can be only
partially evaluated by traditional cultivation techniques as a
large proportion does not form colonies on solid media after
plating. It was estimated that less than 14% of the bacterial cells
per gram of soil can be cultured (Janssen et al., 2002; Janssen,
2006). The analysis of soil total community (TC-) DNA or
RNA helped to overcome this limitation. Gomes et al. (2005)
reported no pronounced diﬀerences between DNA and cDNA
based ﬁngerprints when working with soils. In many studies,
ﬁngerprinting and amplicon sequencing methods have been
applied to study soil bacterial communities based on 16S rRNA
gene fragments ampliﬁed from soil TC-DNA (reviewed by Berg
and Smalla, 2009).
In the study by Yim et al. (2013), a biotest was developed to
determine the degree of apple RD in a given soil. It involved
soils untreated and treated at 50◦C and at 100◦C. It is assumed
that the treatment at 50◦C primarily aﬀects nematodes, bacteria
and fungi sensitive to this temperature, while the treatment
at 100◦C strongly reduces the total soil microbiota (Pullman
et al., 1981; Cabos et al., 2012). A comparison of the growth
of in vitro propagated apple rootstock M26 in these three
soil variants under greenhouse conditions for 10 weeks clearly
indicated the level of the RD. The DGGE analysis of 16S rRNA
gene fragments ampliﬁed from soil TC-DNA revealed a distinct
bacterial community composition of the soils depending on the
treatments at the end of the biotest (Yim et al., 2013); the DGGE
ﬁngerprints did not provide more detailed information on the
taxonomy of bacterial responders.
In the present study, a modiﬁed biotest was employed by using
a gamma irradiation treatment instead of a heat treatment at
100◦C since gamma irradiation has less inﬂuence on soil physical
and chemical properties (Trevors, 1996). This study aimed to
investigate the eﬀects of soil disinfection treatments on plant
growth and health in a biotest in two diﬀerent RD soil types
and to link the plant growth status with the bacterial community
composition and diversity at the time of plant sampling. We
hypothesized that diﬀerences in apple rootstock growth and
symptoms observed resulted from changes in the microbial
community composition and diversity in RD soils caused by their
heat or gamma irradiation treatment. At the end of the biotest,
the bacterial community composition of soil loosely adhering
to the roots was analyzed by DGGE and pyrosequencing of
16S rRNA gene fragments ampliﬁed from TC-DNA. Statistical
analysis of the 454 pyrosequencing data allowed us to identify
responders to the treatments. In addition soil samples taken
before the biotest were included in the DGGE analyses.
MATERIALS AND METHODS
Soil Characteristics
Two RD soils were obtained from two private nurseries, Kle
(53◦41′ 58.51′′ N, 9◦ 41′ 34.12′′ E) and Alv (53◦ 42′ 18.81′′ N, 9◦
48′ 16.74′′ E) in the Pinneberg area in Germany. Both soil types
had diﬀerent cropping and management histories. The Kle site
soil had been mainly cultivated with rose rootstock plants from
1980 until 2011, and crop rotation with Tagetes started in 2002. In
the Alv soil, apple rootstock plants had been planted for several
years until 2009. Then, Prunus domestica and Cydonia oblonga
were grown in 2010 and 2011, respectively. InMay 2012, the apple
rootstock ‘M4’ was planted in both soils. Supplementary Table S1
shows the characteristics of both soil types.
Biotest
In October 2012, approximately 100 L of the RD soils were taken
from each nursery, Kle and Alv, at a depth of 0–25 cm from three
ﬁeld replicates. For the treatments, the soils weremixedmanually,
and one third of the total soil volume per soil type remained either
untreated (Con) or was treated at 50◦C (H50) or with gamma
irradiation (Gamma). The 1-h treatment at 50◦C was performed
in a dry air oven, using 2 L autoclavable bags. Timing for 1 h was
started when the core soil temperature in the bag had reached
50◦C which was checked by an inserted thermometer and it took
approximately 1 h and half for the two soils used in this study. The
soil disinfection with gamma irradiation was applied at a minimal
dose of 10 kGy (McNamara et al., 2003) in 15 L autoclavable bags
(with no inﬂuence of the soil volume and duration). Acclimatized
in vitro apple rootstock M26 plants, 20 days old, were planted as a
susceptible genotype (Kviklys et al., 2008; St. Laurent et al., 2010;
Yim et al., 2013), to evaluate the eﬀects of the diﬀerent RD soil
treatments. The experiment was carried out with 10 replicates per
treatment in 3 L pots with supplementation of 2 g L−1 Osmocote-
Exact 3-4M [16 + 9 + 12(+2)], a slow release fertilizer1. In total,
60 plants were cultivated in all soil variants (Kle or Alv).
The biotest was set up in a greenhouse during winter time
(November 2012) at 20 ± 2◦C and a 16 h photoperiod supplied
1http://www.scottsprofessional.com
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by additional light (Philips Master Agro 400W). The irrigation
was applied on a daily basis. Spraying against pests and diseases
on aboveground plant parts such as aphids, thrips or spider mites
was carried out weekly according to horticultural practices. For
data collection the aboveground shoot length (SL) was measured
weekly, and after 8 weeks the plants were harvested to determine
shoot fresh mass (SFM) and dry mass (SDM) as well as root dry
mass (RDM).
For statistical analysis, the homogeneity of variance of SL,
SFM, SDM, and RDM was checked prior to the analysis by a
Dunnett’s test to check the diﬀerences between the control and
the treatments. The Tukey test was applied to reveal diﬀerences
between the three treatments of every measured parameter with
p < 0.05 using R3.1.02 software.
Analyses of Soil Bacterial Populations
Soil Sampling and Processing
The soil samples used for the bacterial community analyses were
collected at the end of the biotest, after the apple M26 plants
had been growing for 8 weeks in the greenhouse. Among the 10
replicates per treatment, the soils were taken from eight replicates
of the biotest (no. 1–8). Soil attached to roots of the plants was
collected by vigorous shaking. Then, soil from two plants was
pooled and used as one biological replicate (about 27.2 ± 7.3 g
wet soil). In total, 24 soil samples were analyzed (four replicates
x three treatments per soil type) after sieving with a mesh size of
2.0 mm. For the DGGE analyses, another eight soil samples taken
before the biotest were included (four replicates per soil type).
Soil TC-DNA Extraction and Purification
The TC-DNA isolation was accomplished by direct extraction
from 500 mg soil from each replicate by bead beating of
the FastPrep R© Instrument from mpbio (MP Biomedicals, Santa
Ana, CA, USA). The extracted nucleic acids were then puriﬁed
with GENECLEAN SPIN Kit from qbiogene (Qbiogene, Inc.,
Carlsbad, CA, USA) followed by centrifugal precipitation in 50μl
GENECLEANR© SPIN elution solution according to the protocol
described by the manufacturer (MP Biomedicals, Heidelberg,
Germany).
Amplification of Bacterial 16S rRNA Gene Fragments
for Real-Time PCR Analysis
The bacterial 16S rRNA gene copy numbers were quantiﬁed
using a 5′ Nuclease assay in the real-time quantitative PCR
(qPCR). The qPCR reaction mixture (50 μl) consisted of
1x PCR TrueStartTM buﬀer (Fermentas GmbH, Darmstadt,
Germany), 0.2 mM dNTPs, 3 mM MgCl2, 5 μg BSA (Bovine
Serum Albumin), 1.2 μM BACT1369F as forward primer
(5′-CGGTGAATACGTTCYCGG-3′), 1 μM PROK1492R as
reverse primer (5′-GGWTACCTTGTTACGACTT-3′), 0.5 μM
TM1389F as probe (5′-CTTGTACACACCGCCCGTC-3′), 1.25
U TrueStartTM Taq (Fermentas GmbH, Darmstadt, Germany)
and 1 μl TC-DNA (ca. 3 ng). The thermal cycling programs were
as previously described by Suzuki et al. (2000).
2http://www.r-project.org
Amplification of Bacterial 16S rRNA Gene Fragments
for DGGE Analysis
Ampliﬁcation of bacterial 16S rRNA gene fragments (GC-PCR)
for DGGE ﬁngerprints analysis was carried out as described by
Yim et al. (2013), except that 0.5x PCR GoTaq R© buﬀer, 3.75 mM
MgCl2 and 1.25 U GoTaq R© (Promega GmbH, Mannheim,
Germany) were used for the PCR reaction (25 μl). The PCR
ampliﬁcation was conducted at 94◦C for 5 min, followed by 35
cycles at 94◦C for 1 min, 53◦C for 1 min, 72◦C for 2 min and
ﬁnally 72◦C for 10 min.
Amplification of Bacterial 16S rRNA Gene Fragments
for 454-Pyrosequencing Analysis
For pyrosequencing of 16S rRNA gene fragments, all TC-DNA
samples which had an absorbance ratio A260/A280 between
1.9 and 2.4 (Nanodrop2000c, Spectrophotometer, PEQLAB
Biotechnologie GmbH, Erlangen, Germany) were sent for
sequencing to the Biotechnology Innovation Center (Roche Life
Sciences, BIOCANT, Cantanhede, Portugal). The ampliﬁcation
and sequencing of hypervariable V3-V4 regions of the 16S
bacterial ribosomal genes were carried out through the 454
Genome Sequencer FLX platforms according to Roche-Life
Sciences using primers 338F (5′-ACTCCTACGGGAGGCAG-3′)
and 802R (5′-TACNVRRGTHTCTAATYC-3′) which were fused
to the 454 A and B adapters, respectively (Huse et al., 2008; Vaz-
Moreira et al., 2011). The PCR reaction mixture (50μl) contained
5 U of Fast Start Polymerase (Roche Diagnostics, Penzberg,
Germany), 3 mM MgCl2, 6% DMSO, 0.2 μM of each primer,
200 mM dNTPs and 2 μl of TC-DNA (ca. 3 ng μl−1). The PCR
conditions were 94◦C for 3 min followed by 35 cycles at 94◦C for
30 s, 44◦C for 45 s, 72◦C for 1 min and ﬁnally at 72◦C for 2 min
elongation (Ding et al., 2012).
Data Analysis
The digital images of silver-stained DGGE gels were analyzed
by GelCompar II 6.5 (Applied Math, Sint-Martens-Latern,
Belgium). The analysis was based on Pearson correlation
coeﬃcients of pairwise similarity measure of two lanes in one
gel from the absolute intensity signal in each electrophoresis
lane. The UPGMA (unweighted pairwise grouping method
using arithmetic means) was applied to obtain a similarity and
hierarchical cluster of the lanes. For statistical tests, we used the
Pearson similarity matrices from the UPGMA and performed
a Permutation test. The test statistics calculated the diﬀerences
(d-value) between the average of all correlation coeﬃcients within
the group (within treatment) and the average over all correlation
coeﬃcients of diﬀerent groups (diﬀerent treatments). Thus, the
d-value indicated the diﬀerences in the bacterial community
composition between the soil treatments or soil variants (Kropf
et al., 2004).
To check the eﬀect of soil types and of treatments on the
bacterial 16S rRNA gene copy numbers by qPCR, ANOVA and
Tukey test were applied using R3.1.02 software with p < 0.05,
respectively.
The analysis of pyrosequencing data was done using Mothur
1.30. software (Schloss et al., 2009). Brieﬂy, the barcode and
primer sequences were removed and only those sequences
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with a length of more than 200 bp were included in the
analysis. The trimmed sequences (>200 bp) were aligned to the
SILVA 16S rRNA gene database (Pruesse et al., 2007) and the
sequence errors were removed by chimera.uchime. Classiﬁcation
of sequences into an operational taxonomic unit (OTU) based
on 97% sequence similarity for an OTU level report (containing
domain, phylum, class, order, family, and genus) according to
their taxonomy as well as number of sequences for each of
the samples were done as described in Ding et al. (2012). Data
were transformed by log(n/N ∗ 100 +1) (n, the number of
sequences for each OTU and N, the total number of sequences
from the sample) for the following analyses. The eﬀect of diﬀerent
soil treatments on bacterial relative abundances was checked
by the statistical software R3.1.03 using the transformed data
and applying Tukey’s honest signiﬁcant test. Rarefaction analysis
was performed to compare the diversity of detected sequences
between treatments of both soils based on OTUs deﬁned at 97%
similarity. Invsimpson’s diversity index of each sample replicate
was used to reveal signiﬁcant diﬀerences of the bacterial diversity
between the treatments, applying Tukey test, p < 0.05 using
R3.1.0.
The principal coordinate analysis (PCoA) using the Bray–
Curtis distance metric was carried out with the OTU composition
from the dominant phyla (>1% of total sequences in the sample)
and only with those OTUs which were identiﬁed at the genus
level, with Past 3 (3.02). By one-way and two-way ANOSIM
tests the diﬀerences in the relative abundance of bacterial OTUs
between the soil treatments and soil types were tested for
signiﬁcance.
Pyrosequencing data were deposited at the NCBI Sequence
Read Archive under the accession number PRJNA276496.
RESULTS
Biotest to Reveal Replant Disease Soils
For both RD soils apple M26 plants showed a signiﬁcantly
improved growth in treated (H50, Gamma) compared to
untreated (Con) soils (Figure 1, Table 1). The ﬁrst signiﬁcant
deviations of SLs between Con and H50/Gamma were noted
in Kle soil already 2 weeks after planting (Figure 1A). The SL
signiﬁcantly increased by about 81% in H50 soil and by up to
131% in Gamma soil compared to Con soil. In Alv soil, signiﬁcant
deviations of SLs were ﬁrst recorded 5 weeks after planting (Con
vs. H50/Gamma) (Figure 1B). In contrast to Kle soil, there was
no signiﬁcant diﬀerence for SLs between AlvH50 and AlvGamma
(Figure 1B). Growth enhancement after gamma irradiation was
observed in both soils in comparable extents, since the SLs in
AlvGamma was 148% of that in Con soil (Figure 1). However,
overall growth of M26 plantlets was much higher in Kle than in
Alv soil (Figure 1).
The shoot fresh and dry mass correlated with the SL. The H50
and the Gamma treatment increased the shoot dry mass 1.5- and
1.8-fold, respectively, in Kle soil compared to the control (Con).
However, in Alv soil the observed increase of the shoot dry mass
3http://www.r-project.org
FIGURE 1 | Growth of apple rootstock M26 plants in Kle (A) and Alv
(B) soil, in different treatments. Asterisk (∗ ) indicates significant differences
between untreated and treated soil (in red, Con vs. H50 and in green, Con vs.
Gamma) at the respective time points, Dunnett’s test, p < 0.05, I = SD and
n = 10.
was higher in H50 (1.7-fold) than in Gamma-treated soil (1.5-
fold). The biomass of roots was not signiﬁcantly inﬂuenced by
the treatments in both soils. However, the plants in Con soils
showed smaller root systems that were darker brownish in color,
and some parts of the roots were necrotic and rotten compared
to the roots from H50 and Gamma treatments in both soils
(Supplementary Figure S1). In both soils the root-to-shoot ratio
was signiﬁcantly higher in Con soil compared toH50 andGamma
soil (Table 1).
Gene Copy Numbers of 16S rRNA Genes
Amplified from Soil TC-DNA
The qPCR analysis in soil TC-DNA collected 8 weeks after
the biotest showed that approximately 109 16S rRNA gene
copy numbers per gram soil were detected with no signiﬁcant
diﬀerences in both Con soils (Figure 2) (KleCon vs. AlvCon,
ANOVA, p < 0.05). Only in Kle soil, signiﬁcantly reduced
16S rRNA gene copy numbers in the Gamma-treated soil were
recorded, while the H50 treatment did not inﬂuence the numbers
in both soils (Figure 2).
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TABLE 1 | Biomass of apple rootstock M26 plants grown for 8 weeks in replant disease (RD) soils after different treatments.
Soil Treatment SFM (g/plant) SDM (g/plant) % (fold) of increases of SDM RDM (g/plant) RDM to SDM ratio
Kle Con 4.3 ± 1.2a 3.1 ± 0.4a 2.7 ± 0.6a 0.9a
H50 9.2 ± 0.8b 4.5 ± 0.3b 45 (1.5) 3.0 ± 0.5a 0.7b
Gamma 12.7 ± 1.5c 5.7 ± 0.4c 84 (1.8) 3.1 ± 0.5a 0.5b
Alv Con 2.5 ± 1.1a 1.5 ± 0.4a 3.3 ± 0.1ab 2.2a
H50 6.2 ± 2.4b 2.6 ± 0.8b 73 (1.7) 3.4 ± 0.2a 1.3b
Gamma 5.7 ± 2.0b 2.3 ± 0.6b 53 (1.5) 3.2 ± 0.3b 1.4b
Mean ± SD within same parameter and soil followed by different letters indicates significant differences, Tukey test, p < 0.05 and n = 10. Shoot fresh mass (SFM), shoot
dry mass (SDM), and root dry mass (RDM).
FIGURE 2 | Copy number of 16S rRNA genes detected in total
community DNA of different replant disease (RD) soil treatments, at
the end of the biotest. Letters within soil variant indicate significant
differences, Tukey test, p < 0.05, n = 4 and I = SD.
DGGE Analysis of 16S rRNA Genes
Amplified from Soil TC-DNA
The bacterial DGGE ﬁngerprints of 16S rRNA gene fragments
ampliﬁed from soil TC-DNA before the biotest revealed
signiﬁcant diﬀerences between both soils (KleT0 and
AlvT0) which were indicated by dissimilarities in the
Permutation test (d-value) of 10.6%, P = 0.03 (Table 2).
This demonstrated distinct bacterial community compositions
in the two soil types. In both soils, the bacterial community
compositions have changed by 5.7 and 5.3% in Kle and
Alv soils, respectively, when comparing between sampling
time (T0) and at the end of the biotest (Con) after 8 weeks
(Table 2).
Denaturing gradient gel electrophoresis analysis of 16S rRNA
gene fragments ampliﬁed from TC-DNA of soil collected at
the end of the biotest revealed that the treatments signiﬁcantly
changed the bacterial communities in both soils (Table 2).
The d-values indicated that the H50 treatment resulted in less
pronounced shifts in the bacterial community compositions
compared to the Gamma treatment, since smaller d-values were
observed between Con and H50 than between Con and Gamma
(Table 2).
Pyrosequencing Analysis of 16S rRNA
Genes Amplified from Soil TC-DNA
The pyrosequencing analysis of the V3–V4 region of 16S rRNA
gene ampliﬁed from soil TC-DNA of samples taken at the end
of the biotest resulted in a total of 187,602 sequences with more
than 200 bp per sequence from the 24 samples after ﬁltering out
low quality or chimeric sequences. All sequences were aﬃliated to
the domain Bacteria. The number of classiﬁed sequences ranged
between 4,228 and 10,005 sequences per sample, and thus relative
abundances were used in the analysis. The sequences were binned
based on 97% sequence identity resulting in 10,227 OTUs.
The Permutation test using the pyrosequencing data
conﬁrmed the results of the DGGE analyses that after 8 weeks
of M26 plant growth the Gamma treatment led to a signiﬁcantly
higher diﬀerence of the bacterial community composition
compared to Con soil than the H50 treatment (Table 2).
Rarefaction curves allowed a comparison of detected bacterial
community diversity with the top curve representing the
highest diversity. The bacterial community composition of all
treatments of Kle soil was more diverse than that in Alv soil
(Figure 3). Invsimpson indices of Kle soil (34.9–44.0) were
signiﬁcantly higher than those of Alv soil (11.4–16.3) at p< 0.001
(Supplementary Table S4). Within each soil type, the bacterial
TABLE 2 | Treatment-dependent differences of bacterial communities in
RD soils before planting and after 8 weeks of the biotest with apple M26
plants (DGGE and pyrosequencing).
Comparison DGGE Pyrosequencing
d-value p-value d-value p-value
KleT0 vs. AlvT0 10.06 0.03 n.a. n.a.
KleCon vs. KleT0 5.7 0.03 n.a. n.a.
AlvCon vs. AlvT0 5.3 0.03 n.a. n.a.
KleCon vs. KleH50 19.2 0.03 22.1 0.01
KleiCon vs. KleGamma 57.6 0.03 29.2 0.02
AlvCon vs. AlvH50 7.6 0.03 7.2 0.04
AlvCon vs. AlvGamma 11.2 0.03 21 0.01
Percent dissimilarity (d-value), average within-group pairwise Pearson’s
correlation – average between-group pairwise Pearson’s correlation, p < 0.05
and n = 4 (Kropf et al., 2004). Abbreviations: T0, samples before planting apple
rootstock M26 and Con, H50 and Gamma, samples collected 8 weeks after the
biotest (after planting M26); n.a., not analyzed.
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FIGURE 3 | Rarefaction curves indicating the observed number of
operational taxonomic units (OTUs) of bacterial communities. Diversity
of detected sequences, in RD soils, Kle and Alv, 8 weeks after planting apple
rootstock M26 plants.
FIGURE 4 | Effect of soil treatments on the bacterial community
composition according to data of operational taxonomic units (OTUs)
at genus level as revealed by principal coordinate analysis using the
Bray–Curtis distance metric, n = 4.  and  are for Kle and Alv soils,
respectively. Colors in blue, red and green represent Con, H50 and Gamma
treatment, respectively.
community diversity in Con soil was by trend higher than in the
H50 and Gamma soils, but these diﬀerences were not signiﬁcant
(Figure 3, Supplementary Table S4).
Principal coordinate analysis considering the bacterial
community composition at the genus level clearly separated Kle
soil from Alv soil (Figure 4) (ANOSIM test, R= 0.94, p< 0.001).
For both Kle and Alv soils, diﬀerences were also recorded
between Con and H50 soil, but a more pronounced dissimilarity
was observed for Gamma and Con as well as for Gamma and H50
soils (Figure 4). Overall, the ANOSIM tests showed that after soil
treatments the bacterial community composition signiﬁcantly
shifted for both soils (R-values of 1.0 and 0.77 for Kle and Alv
soils, respectively, and p < 0.001).
Taxonomic Composition of Bacteria in
Replant Disease Soils
A total of 10,227 OTUs from 22 phyla, 62 classes, 98
orders, 185 families, and 342 genera were identiﬁed in
both soils (Kle and Alv). Phyla with a relative abundance
below 1% were considered rare (Supplementary Table S3
shows relative abundance of 13 phyla). The dominant phyla
were Proteobacteria, Firmicutes, Acidobacteria, Actinobacteria,
Bacteroidetes, and Gemmatimonadetes (Figure 5) to which
96.3 and 96% of the sequences in Kle and Alv soils were
aﬃliated, respectively. An average of 30.5 and 28.8% of the
total sequences for Kle and Alv soils, respectively, were
assigned to the Proteobacteria (Figure 5). Within the phylum
Proteobacteria, Alphaproteobacteria were the most abundant
followed by Gammaproteobacteria, Betaproteobacteria, and
Deltaproteobacteria.
Although the gene copy numbers of 16S rRNA detected in
TC-DNA of RD soils were comparable (KleCon vs. AlvCon)
(Figure 2), the bacterial community composition diﬀered
(Supplementary Table S2). For instance, the relative abundance
of Acidobacteria and Gemmatimonadetes was signiﬁcantly lower
in AlvCon compared to KleCon. At the genus level, members
of the genera Gp1, Gp2, Gp3, Gp6, Gp16, Arthrobacter, Bacillus,
Paenibacillus, Clostridium sensu stricto, Gemmatimonas, and
Sphingomonas were dominant in both Con soils (Table 3).
Many genera such as Gp1, Gp2, Arthrobacter, Nocardioides,
Paenibacillus, Phenylobacterium, Lysobacter, and others
(Supplementary Table S2) had a similar relative abundance
in both soils. Other genera such as Bacillus were signiﬁcantly
higher in relative abundance in AlvCon soil (11.1 ± 4%) than in
KleCon soil (Supplementary Table S2).
Treatment-Dependent Bacterial
Responders
Even 8 weeks after apple rootstock growth, changes in the relative
abundances of diﬀerent phyla were recorded in the treated soils
compared to the control. In H50 soil, a signiﬁcant decrease
in the relative abundance of the phylum Acidobacteria and an
increase of the phylum Firmicutes was observed in both soils. In
Gamma soil the relative abundances of the phyla Actinobacteria
andAcidobacteriawere signiﬁcantly reduced, whereas the relative
abundances of the Proteobacteria and the Bacteroidetes were
signiﬁcantly increased in both soils (Figure 5).
Genera with signiﬁcantly higher or lower relative abundance
in response to the treatment (so-called responders) were diﬀerent
in both soils. In Kle soil, both treatments (H50, Gamma) reduced
the relative abundances of several genera belonging to the
Acidobacteria (Gp2, Gp3, Gp5, Gp6, Gp7, and Gp13) as well as
the genera Ilumatobacter, Tuberibacillus, and Dokdonella. The
decrease in relative abundances of the acidobacterial genera was
less pronounced in Alv soil and only Gp2, Gp3, and Dokdonella
were signiﬁcantly less abundant (H50, Gamma). Pseudonocardia
and Methylobacter showed a signiﬁcantly decreased relative
abundance in both H50 and Gamma treatments of Alv soil,
while a signiﬁcantly decreased relative abundance of the genera
Mycobacterium, Nocardioides, Bacillus, Clostridium sensu stricto,
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FIGURE 5 | Relative abundance of dominant phyla detected in RD soils at the end of the biotest affected by different treatments. Different letters within
phylum and within soil type indicated significant differences between treatments, Tukey test, p < 0.05 and n = 4.
and Clostridium III were observed only in AlvGamma soil
(Table 3).
Soil treatments and the M26 plants not only decreased, but
also enriched the relative abundances of a wide range of diﬀerent
genera compared to the control soils. Signiﬁcantly increased
abundances in both KleH50 and KleGamma compared to Con
soil were observed for the genera Bacillus, Gemmatimonas,
Phenylobacterium, Microvirga, Burkholderia and Ramlibacter. In
Alv soil the genera Streptomyces and Paenibacillus signiﬁcantly
increased in abundance in H50 soil, while Granulicella,
Arthrobacter, Mucilaginibacter, Devosia, and Rhodanobacter
showed a signiﬁcantly higher relative abundance in Gamma
soil. Besides soil type speciﬁc treatment responses, only a
few genera were recorded as responders to the treatment in
both soils. Remarkably, Streptomyces, Bacillus, Paenibacillus,
and Sphingomonas showed a signiﬁcantly increased abundance
in the H50 soil of Alv and Kle soils, while Mucilaginibacter,
Devosia, and Rhodanobacter were detected in higher relative
abundance in the Gamma treatment of the two soils. Very
few genera even showed the same response to the H50
and Gamma treatments in both soil types: while Gp2, Gp3,
and Dokdonella showed a decrease in relative abundance, a
signiﬁcantly increased abundance was observed for the genus
Phenylobacterium.
DISCUSSION
Biotest
Growth of apple rootstock M26 plants improved signiﬁcantly
in RD soils after H50 or Gamma treatments (Table 1). The
enhanced plant growth was mainly observed aboveground while
the treatments did not aﬀect RDM. Signiﬁcant increases of the
shoot growth and biomass of apple M26 plants in heat-treated
soil were also observed in the studies by St. Laurent et al.
(2010) and Yim et al. (2013). The diﬀerences in growth of
M26 plants in both RD soils were associated with diﬀerences in
soil physicochemical properties and cropping histories. Among
other functions, roots are important for water and nutrient
uptake, release of exudates and production of cytokinins for
the shoot growth (Gregory, 2006). Although there were no
signiﬁcant diﬀerences in the RDM of apple M26 plants in
diﬀerent RD soil treatments, damages in the root system of
the plants in Con soils have resulted in higher root-to-shoot
ratios (Table 1, Supplementary Figure S1). Since the roots were
damaged in RD soil (Con), the plants might have invested
energy in defense reactions of the root. Similarly, in the study of
Yim et al. (2013), histological analyses of apple roots grown in
RD soil revealed more lignin in vascular cells and a secondary
protecting layer derived from the endodermis. The stronger
ligniﬁcations might have resulted from oxidation of phenolic
compounds that are known to play an important role in plant
defense mechanisms. Several reviews have reported that under
stress conditions biosynthesis of antimicrobial metabolites was
enhanced as a defense mechanism of the plant (Sticher et al.,
1997; Doornbos et al., 2012; Badri et al., 2013). The brownish
roots of M26 grown in RD soil (Supplementary Figure S1)
could have resulted from such a stress response of the plants.
Phytochemicals were contained in, and released from roots in
high quantities in response to biotic stress (Badri et al., 2013).
Hofmann et al. (2009) have identiﬁed phloridzin (phloretin-
2-β-D-glucoside) as the most abundant phenolic root exudate
detected in apple seedlings (Malus x domestica Borkh.). Likewise,
Emmett et al. (2014) reported that the production of phloridzin
in roots of apple rootstock M26 plants in untreated RD soil was
signiﬁcantly higher than in pasteurized RD soil. Chizzali et al.
(2012) detected phytoalexins including the biphenyls 3-hydroxy-
5-methoxyaucuparin, aucuparin and others in the transition zone
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TABLE 3 | Relative abundance of dominant genera detected at the end of the biotest in RD soils of Kle and Alv affected by soil treatments.
Phylum Genus Kle Alv
Con H50 Gamma Con H50 Gamma
Acidobacteria Gp1 3.9 ± 0a 3.5 ± 0a 1.7 ± 0b 3.4 ± 1 3.3 ± 1 2.9 ± 1
Gp2 1.8 ± 0a 0.9 ± 0b 0.4 ± 0c 1.8 ± 1a 0.6 ± 0b 0.7 ± 0b
Gp3 3.7 ± 0a 2.2 ± 0b 1.2 ± 0c 3 ± 1a 2.1 ± 1b 1.3 ± 0c
Gp4 0.8 ± 0a 0.6 ± 0ab 0.4 ± 0b 0.1 ± 0 0.2 ± 0 0 ± 0
Gp5 0.3 ± 0a 0 ± 0b 0.1 ± 0b 0.1 ± 0 0.1 ± 0 0 ± 0
Gp6 1.1 ± 0a 0.4 ± 0b 0.5 ± 0b 0.3 ± 0 0.2 ± 0 0.2 ± 0
Gp7 0.5 ± 0a 0.3 ± 0b 0.1 ± 0b 0.2 ± 0 0.2 ± 0 0.2 ± 0
Gp13 0.1 ± 0a 0 ± 0b 0 ± 0b 0.1 ± 0 0 ± 0 0 ± 0
Gp14 0 ± 0a 0.2 ± 0b 0.1 ± 0ab 0.5 ± 0 0.5 ± 0 0.4 ± 0
Gp16 1.6 ± 0a 1.4 ± 0a 0.5 ± 0b 0.8 ± 0a 0.6 ± 0a 0.3 ± 0b
Granulicella 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0a 0 ± 0a 0.4 ± 1b
Actinobacteria Ilumatobacter 0.4 ± 0a 0.1 ± 0b 0 ± 0b 0.1 ± 0 0 ± 0 0 ± 0
Blastococcus 0.2 ± 0a 0.5 ± 0b 0.1 ± 0a 0.1 ± 0ab 0.2 ± 0a 0 ± 0b
Arthrobacter 1.1 ± 0 0.8 ± 0 0.9 ± 0 0.9 ± 1a 1 ± 1a 1.8 ± 0b
Mycobacterium 0 ± 0 0.1 ± 0 0 ± 0 0.3 ± 0a 0.2 ± 0ab 0.1 ± 0b
Nocardioides 0.9 ± 0 0.8 ± 0 0.8 ± 0 0.7 ± 0a 0.6 ± 0a 0.2 ± 0b
Pseudonocardia 0.2 ± 0 0.1 ± 0 0.1 ± 0 0.3 ± 0a 0.1 ± 0b 0.1 ± 0b
Streptomyces 0.1 ± 0a 0.6 ± 0b 0.2 ± 0a 0.2 ± 0a 0.5 ± 0b 0.2 ± 0a
Bacteroidetes Niastella 0 ± 0a 0.3 ± 0b 0 ± 0a 0 ± 0 0 ± 0 0 ± 0
Mucilaginibacter 0.1 ± 0a 0.1 ± 0a 0.3 ± 0b 0.1 ± 0a 0 ± 0a 0.5 ± 0b
Firmicutes Bacillus 4.1 ± 1a 5.1 ± 0b 5.5 ± 0b 11.1 ± 4a 13.2 ± 3b 7.6 ± 2c
Tuberibacillus 0.2 ± 0a 0 ± 0b 0 ± 0b 0 ± 0 0 ± 0 0 ± 0
Brevibacillus 0.1 ± 0a 0.4 ± 0b 0.1 ± 0a 0.1 ± 0 0.1 ± 0 0.1 ± 0
Paenibacillus 1.4 ± 0a 2.1 ± 0b 1.6 ± 0a 1.4 ± 0a 2.5 ± 1b 1.7 ± 1a
Clostridium sensu stricto 0.9 ± 0 0.9 ± 0 1 ± 0 2 ± 1a 2.4 ± 1a 0.7 ± 0b
Clostridium XI 0.6 ± 0a 0.5 ± 0a 1 ± 0b 0.5 ± 0 0.6 ± 0 0.5 ± 0
Clostridium III 0.3 ± 0 0.3 ± 0 0.5 ± 0 0.3 ± 0a 0.3 ± 0a 0.1 ± 0b
Gemmatimonadetes Gemmatimonas 2.6 ± 0a 4.1 ± 1b 5.2 ± 1c 1.7 ± 0 1.8 ± 1 1.7 ± 1
Proteobacteria (Alpha) Phenylobacterium 0.4 ± 0a 1.1 ± 0b 0.6 ± 0c 0.3 ± 0a 0.6 ± 0b 0.6 ± 0b
Devosia 0.3 ± 0a 0.2 ± 0a 0.8 ± 0b 0.3 ± 0a 0.1 ± 0a 0.8 ± 0b
Microvirga 0 ± 0a 0.2 ± 0b 1.3 ± 0c 0 ± 0 0.1 ± 0 0 ± 0
Mesorhizobium 0.3 ± 0a 0.1 ± 0b 0.5 ± 0a 0.1 ± 0ab 0 ± 0a 0.3 ± 0b
Acidocella 0 ± 0 0 ± 0 0 ± 0 0.6 ± 0a 0.1 ± 0b 0.9 ± 1a
Sphingomonas 1.7 ± 0a 2.7 ± 0b 1.8 ± 0a 0.7 ± 1a 2.6 ± 1b 1.7 ± 0c
Proteobacteria (Beta) Burkholderia 0.1 ± 0a 0.6 ± 0b 1.3 ± 0c 0.5 ± 0 0.8 ± 0 0.8 ± 0
Ramlibacter 0 ± 0a 0.2 ± 0b 0.4 ± 0c 0 ± 0 0 ± 0 0.1 ± 0
Proteobacteria (Delta) Geobacter 0.2 ± 0a 0 ± 0b 0.2 ± 0a 0.1 ± 0 0.1 ± 0 0 ± 0
Proteobacteria (Gamma) Methylobacter 0.2 ± 0 0.1 ± 0 0.1 ± 0 0.2 ± 0a 0.1 ± 0b 0 ± 0b
Arenimonas 0.1 ± 0a 0 ± 0a 0.6 ± 0b 0 ± 0 0 ± 0 0 ± 0
Dokdonella 0.5 ± 0a 0.2 ± 0b 0.1 ± 0b 0.4 ± 0a 0.1 ± 0b 0.1 ± 0b
Dyella 0.2 ± 0a 0 ± 0b 0.2 ± 0a 0.2 ± 0 0.2 ± 0 0 ± 0
Lysobacter 0.2 ± 0a 0.3 ± 0ab 0.4 ± 0b 0.1 ± 0ab 0 ± 0a 0.2 ± 0b
Rhodanobacter 0.2 ± 0a 0.2 ± 0a 1 ± 0b 0.8 ± 1a 0.8 ± 0a 3.6 ± 1b
Selected were genera of a relative abundance of ≥0.1% and significantly different within the soil type. Average relative abundances ± SD, significant differences between
treatments within soil type at genus level were indicated by different letters after Tukey test, p < 0.05 and n = 4. Significant increases in abundance compared to Con are
highlighted in green, while significant decreases are highlighted in orange.
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of apple stems as a result of plant defense responses against ﬁre
blight caused by Erwinia amylovora.
The increased biosynthesis of phenylpropanoids in
young apple leaves was shown to be negatively correlated
with the shoot growth (Rühmann et al., 2002). Thus, we
hypothesize that an inverse relationship between shoot growth
and biosynthesis of phenolic compounds or antimicrobial
metabolites could be the explanation for the reduced biomass
of the apple M26 plants in RD soil observed in the present
study.
Soil Bacterial Composition and Diversity
in RD Soils
Although the copy numbers of 16S rRNA genes detected in TC-
DNA of both RD soils (KleCon/AlvCon) at the end of the biotest
revealed no diﬀerences (Figure 2), distinct bacterial community
compositions (Figure 4) and diversity (Figure 3) were recorded
in the present study (Supplementary Table S2). Diﬀerences in
the bacterial community compositions were also shown in the
two soils collected before the biotest (Table 2). Several other
studies had shown that soil bacterial communities were strongly
correlated to soil physicochemical properties (Janssen, 2006;
Araujo et al., 2012; Schreiter et al., 2014). The soils used in
the present study diﬀered in their mineral composition, pH,
organic matter content, cropping histories and horticultural
management. Rose and apple rootstock plants were previously
cultivated in Kle and Alv soils, respectively, and crop rotation was
applied mainly in Kle soil. Plant species and soil type dependent
diversity of bacterial communities was shown in diﬀerent studies
(Smalla et al., 2001; Badri et al., 2013; Bulgarelli et al., 2013)
and thus the crop rotation might have contributed to the higher
bacterial diversity found in Kle soil.
The relative abundance of common responders in both RD
soils most likely was inﬂuenced by plant root exudates released by
the apple rootstocks cultivated in these soils in 2012 (M4 planted
in May. and M26 in November 2012), as also shown for other
crops (Smalla et al., 2001; Berg and Smalla, 2009; Bakker et al.,
2012; Berendsen et al., 2012). Soil type-dependent diﬀerences of
the root exudate composition for the same plant species (lettuce)
grown in diﬀerent soil types were recently reported by Neumann
et al. (2014). Apple rootstock exudates might have inﬂuenced the
bacterial community composition contributing to the diﬀerences
observed between the DGGE ﬁngerprints of the RD soils before
and after the biotest (KleT0 vs. KleCon, AlvT0 vs. AlvCon,
Table 2).
Sun et al. (2014) have also studied the bacterial diversity
associated with RD soils in apple orchards. Only a few genera
such as Lysobacter and Phenylobacterium detected by Sun et al.
(2014) were also identiﬁed in the present study. The relative
abundances of the genera Lysobacter and Phenylobacterium
were higher in RD soil than in healthy soil (Sun et al., 2014).
In our experimental design healthy soil was not included
as it was diﬃcult to obtain soil with similar chemical and
physical properties. In contrast, in the present study the relative
abundance of the genus Phenylobacterium was signiﬁcantly
higher in RD soil with H50 and with Gamma treatment in both
soils, while Lysobacter was enriched in the Gamma-treated Kle
soil (Table 3).
Based on plant, soil, and soil bacterial community interaction,
we hypothesized that soil bacterial community composition and
diversity are site speciﬁc, inﬂuenced by diﬀerent chemical and
physical properties of the soil, as well as shaped by planting
management practices. Also in other systems it was shown that
the microbial community composition and the abundance of
soilborne pathogens are inﬂuenced by the soil type, cropping
history and weather conditions (Smalla et al., 2001; Badri and
Vivanco, 2009; Berg and Smalla, 2009; Bakker et al., 2012;
Berendsen et al., 2012; Badri et al., 2013).
Responses of the Bacterial Composition
and Diversity in RD Soils to Different
Treatments
The 16S rRNA gene copy numbers detected in soil TC-DNA
showed a minor but still signiﬁcant reduction only in Gamma-
treated Kle soil 8 weeks after planting apple rootstock M26 plants
(Con vs. Gamma) (Figure 2). Thus, recolonization of the soil
must have taken place within this time span which wasmost likely
inﬂuenced by the growing apple rootstock. The integration of an
unplanted control would have allowed elucidating the eﬀect of
the plant growth and should be included in future experiments.
In the study by McNamara et al. (2007) the bacterial counts
decreased immediately after irradiation at a dose of 10 kGy, but
2 weeks later the cell counts rose to levels of up to 107 g−1
soil, which was even higher than in the untreated soil (106 g−1).
The soil analyzed in the present study loosely adhered to the
root; a stronger inﬂuence of the plant would be expected if true
rhizosphere soil was analyzed.
Both treatments of RD soils caused pronounced shifts in
the bacterial community composition compared to the control
which were detectable even 8 weeks after apple rootstock growth,
with the eﬀect of the Gamma treatment being more pronounced
(Figure 4). Although the response of the acidobacterial
populations was more striking in Kle soil, a decrease in the
relative abundance of Acidobacteria was observed in response to
the treatments in both soils (Figure 5). A signiﬁcantly decreased
relative abundance of the phylum Acidobacteria after treatment
of maize RD soil with ethanol-free chloroform was recently
reported by Domínguez-Mendoza et al. (2014). Acidobacteria
were detected in apple RD soil as the dominant phylum, and their
abundance was shown to be about 20% higher in soils in which
the apple rootstock genotype M26 (considered susceptible to RD)
was cultivated than in soils where the more tolerant genotype
CG6210 was grown (St. Laurent et al., 2010). A signiﬁcantly
decreased relative abundance of Acidobacteria was also reported
when treating soil withmanure (Ding et al., 2014) or with mineral
nutrients (Campbell et al., 2010). Therefore, the decreased
relative abundance of Acidobacteria in treated RD soil observed
in the present study might result from the release of nutrients
from killed organisms due to the treatments and the proliferation
of copiotrophic bacteria.
The genera Nocardioides, Clostridium sensu strictu, and
Clostridium III were signiﬁcantly reduced in Gamma-treated
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Alv soil (Table 3). Nocardioides also signiﬁcantly decreased
in relative abundance by soil sterilization with ethanol-free
chloroform in maize RD soil (Domínguez-Mendoza et al., 2014).
Isolates belonging to the genus Nocardioides were reported as
beneﬁcial bacteria as they contributed to carbon cycling in soil
via degrading alkanes (Hamamura et al., 2001) and via degrading
pesticides (Topp et al., 2000).
In the present study, soil treatments did not only reduce but
also strongly enrich the relative abundances of a wide range of
bacterial genera. Bacillus, Paenibacillus, and Sphingomonas were
shown to increase in relative abundance with H50 treatment of
both soils (Table 3). Isolates belonging to the genera Bacillus and
Paenibacillus were reported to be involved in the early stage of
mineralization of decomposable organic materials derived from
killed soil microorganisms (Domínguez-Mendoza et al., 2014).
Bruce et al. (2010) have shown that most of the isolates from
soil belonging to the genera Bacillus and Paenibacillus play a
role in carbon cycling as they degrade cellulose and lignin. The
genus Bacillus is known to contain plant growth promoting
bacteria with most of the isolates being able to produce indole
acetic acid (IAA), ammonia, siderophores, catalase (Joseph et al.,
2007) and antibiotics against soilborne pathogenic fungi (Cazorla
et al., 2007). Antagonistic activity of several Sphingomonas
isolates from plants against pathogenic Pseudomonas syringae in
Arabidopsis thaliana was revealed by Innerebner et al. (2011).
Members of the genera Mucilaginibacter, Devosia, and
Rhodanobacter showed signiﬁcantly increased relative abundance
only in the Gamma treatments of both soils (Table 3).
Mucilaginibacter species are heterotrophic bacteria capable to
degrade pectin, xylan, laminarin and other polysaccharides
(Pankratov et al., 2007). Isolates from the genusDevosiawere also
reported as plant growth promoting bacteria, e.g., D. neptuniae
is capable to ﬁx nitrogen in the roots of the aquatic legume
plant Neptunianatans (Rivas et al., 2002). Isolates of the genus
Rhodanobacter from subsurface area contaminated with uranium
and nitric acid wastes were identiﬁed as denitrifying bacteria
(Green et al., 2010).
The treatment-dependent enrichment of potentially beneﬁcial
or aromatic compound degrading bacteria in treated RD soil
might have contributed to the enhanced growth of apple
rootstock M26 plants in treated RD soils.
CONCLUSION
Apple rootstock M26 plants showed signiﬁcant growth
enhancement in treated RD soil after heat treatment at 50◦C or
gamma irradiation in a biotest. The DGGE and pyrosequencing
analyses of 16S rRNA gene fragments ampliﬁed from TC-
DNA of soil collected from M26 plant roots at the end of the
biotest revealed distinct bacterial community compositions and
diversity between the two RD soils. The pronounced diﬀerences
in the relative abundance of soil bacteria were aﬀected directly
by soil treatments, by recolonization and proliferation after
treatment, and by the plant root exudates. The 16S rRNA
gene-based approaches can indicate changes in the relative
abundance in response to treatments that might have contributed
to the improved aboveground growth. However, conclusions
concerning the potential activity and role of responders remain
purely speculative. Thus, a polyphasic approach is urgently
needed to shed more light on the phenomenon of RDs.
FUNDING
This work was supported by the German Federal Ministry of
Food and Agriculture within the initiative “Bundesprogramm
ökologischer Landbau und andere Formen nachhaltiger
Landwirtschaft” (BÖLN). We acknowledge support by Deutsche
Forschungsgemeinschaft and Open Access Publishing Fund of
Leibniz Universität Hannover.
ACKNOWLEDGMENTS
We thank Dr. Andreas Wrede, Abteilung Gartenbau, and Heike
Nitt, Abteilung Pﬂanzenbau, Pﬂanzenschutz, Umwelt; Chamber
of Agriculture in Schleswig-Holstein, Ellerhoop-Thiensen; and
the two nurseries Kle and Alv in Schleswig-Holstein for the
project cooperation. We are also thankful to Ute Zimmerling for
technical assistance; to Dr. Holger Heuer, Dr. Doreen Babin, and
Susanne Schreiter for assisting in pyrosequencing data analysis;
to Simon Richartz, Bärbel Ernst, Ewa Schneider, and Friederike
Schröder for assistance in the biotest, and to Stefan Weiß for
correcting the English language. We also acknowledge Ilse-Marie
Jungkurth for proof-reading the manuscript very carefully.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2015.01224
REFERENCES
Araujo, J. F., de Castro, A. P., Costa, M. M. C., Togawa, R. C., Pappas Júnior,
G. J., Quirino, B. F., et al. (2012). Characterization of soil bacterial
assemblies in Brazilian savanna-like vegetation reveals Acidobacteria
dominance. Microb. Ecol. 64, 760–770. doi: 10.1007/s00248-012-
0057-3
Badri, D. V., Chaparro, J. M., Zhang, R., Shen, Q., and Vivanco, J. M. (2013).
Application of natural blends of phytochemicals derived from the root
exudates of Arabidopsis to the soil reveal that phenolic-related compounds
predominantly modulate the soil microbiome. J. Biol. Chem. 288, 4502–4512.
doi: 10.1074/jbc.M112.433300
Badri, D. V., and Vivanco, J. (2009). Regulation and function of root
exudates. Plant Cell Environ. 32, 666–681. doi: 10.1111/j.1365-3040.2009.
01926.x
Bakker, M. G., Manter, D. K., Sheﬂin, A. M., Weir, T. L., and Vivanco, J. M.
(2012). Harnessing the rhizosphere microbiome through plant breeding and
agricultural management. Plant Soil 360, 1–13. doi: 10.1007/s11104-012-1361-x
Frontiers in Microbiology | www.frontiersin.org 10 November 2015 | Volume 6 | Article 1224
Yim et al. Bacterial communities in replant soils
Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The
rhizosphere microbiome and plant health. Trends Plant Sci. 17:8. doi:
10.1016/j.tplants.2012.04.001
Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape
the structure and function of microbial communities in the rhizosphere. FEMS
Microbiol. Ecol. 68, 1–13. doi: 10.1111/j.1574-6941.2009.00654.x
Bruce, T., Martinez, I. B., Neto, O. M., Vicente, A. C. P., Kruger, R. H., and
Thompson, F. L. (2010). Bacterial community diversity in the Brazilian Atlantic
forest soils.Microb. Ecol. 60, 840–849. doi: 10.1007/s00248-010-9750-2
Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver Loren van Themaat, E., and Schulze-
Lefert, P. (2013). Structure and functions of the bacterial microbiota of
plants.Ann. Rev. Plant Biol. 64, 807–838. doi: 10.1146/annurev-arplant-050312-
120106
Cabos, R. Y. M., Hara, A. H., and Tsang, M. M. C. (2012). Hot water drench
treatment for control of reniform nematodes in potted dracaena. Nematropica
42, 72–79.
Campbell, B. J., Polson, S. W., Hanson, T. E., Mack, M. C., and Schuur,
E. A. G. (2010). The eﬀect of nutrient deposition on bacterial communities
in Arctic tundra soil. Environ. Microbiol. 12, 1842–1854. doi: 10.1111/j.1462-
2920.2010.02189.x
Cazorla, F. M., Romero, D., Pérez-García, A., Lugtenberg, B. J. J., de
Vicente, A., and Bloemberg, G. (2007). Isolation and characterization of
antagonistic Bacillus subtilis strains from the avocado rhizoplane displaying
biocontrol activity. J. Appl. Microbiol. 103, 1950–1959. doi: 10.1111/j.1365-
2672.2007.03433.x
Chizzali, C., Gaid, M. M., Belkheir, A. K., Hänsch, R., Richter, K., Flachowsky, H.,
et al. (2012). Diﬀerential expression of biphenyl synthase gene family members
in ﬁre-blight-infected apple ‘Holsteiner Cox’. Plant Physiol. 158, 864–875. doi:
10.1104/pp.111.190918
Ding, G. C., Heuer, H., and Smalla, K. (2012). Dynamics of bacterial communities
in two unpolluted soils after spiking with phenanthrene: soil type speciﬁc and
common responders. Front. Microbiol. 3:290. doi: 10.3389/fmicb.2012.00290
Ding, G. C., Radl, V., Schloter-Hai, B., Jechalke, S., Heuer, H., Smalla, K.,
et al. (2014). Dynamics of soil bacterial communities in response to repeated
application of manure containing sulfadiazine. PLoS ONE 9:e92958. doi:
10.1371/journal.pone.0092958
Domínguez-Mendoza, C. A., Bello-López, J. M., Navarro-Noya, Y. E., de León-
Lorenzana, A. S., Delgado-Balbuena, L., Gómez-Acata, S., et al. (2014). Bacterial
community structure in fumigated soil. Soil Biol. Biochem. 73, 122–129. doi:
10.1016/j.soilbio.2014.02.012
Doornbos, R. F., van Loon, L. C., and Bakker, P. A. H. M. (2012). Impact of
root exudates and plant defense signaling on bacterial communities in the
rhizosphere. Rev. Agron. Sustain. Dev. 32, 227–243. doi: 10.1007/s13593-011-
0028-y
Emmett, B., Nelson, E. B., Kessler, A., and Bauerle, T. L. (2014). Fine-root system
development and susceptibility to pathogen colonization. Planta 239, 325–340.
doi: 10.1007/s00425-013-1989-7
Gomes, N. C.M., Kosheleva, I. A., Abraham, W. R., and Smalla, K. (2005). Eﬀects of
the inoculant strain Pseudomonas putidaKT2442 (pNF142) and of naphthalene
contamination on the soil bacterial community. FEMS Microbiol. Ecol. 54,
21–33. doi: 10.1016/j.femsec.2005.02.005
Green, S. J., Prakash, O., Gihring, T. M., Akob, D. M., Jasrotia, P., Jardine,
P. M., et al. (2010). Denitrifying bacteria isolated from terrestrial subsurface
sediments exposed to mixed-waste contamination. Appl. Environ. Microbiol. 67,
3244–3254. doi: 10.1128/AEM.03069-09
Gregory, P. J. (2006). “Roots and the biological environments,” in Plant Roots:
Growth, Activity and Interaction with Soils, ed. P. J. Gregory (Hoboken, NY:
Blackwell Publishing Ltd.), 174–215.
Hamamura, N., Yeager, C. M., and Arp, D. J. (2001). Two distinct monooxygenases
for alkane oxidation inNocardioides sp. strainCF8.Appl. Environ.Microbiol. 67,
4992–4998. doi: 10.1128/AEM.67.11.4992-4998.2001
Hoestra, H. (1994). Ecology and pathology of replant problems. Acta Hort. 363,
2–10. doi: 10.17660/ActaHortic.1994.363.1
Hofmann, A., Wittenmayer, L., Arnold, G., Schieber, A., and Merbach, W. (2009).
Root exudation of phloridzin by apple seedlings (Malus x domestica Borkh.).
J. Appl. Bot. Food Q. 82, 193–198.
Huse, S. M., Dethlefsen, L., Huber, J. A., Welch, D. M., Relman, D. A., and
Sogin, M. L. (2008). Exploring microbial diversity and taxonomy using
SSU rRNA hypervariable tag sequencing. PLoS Genet. 4:e1000255. doi:
10.1371/journal.pgen.1000255
Innerebner, G., Knief, C., and Vorholt, J. A. (2011). Protection of Arabidopsis
thaliana against leaf-pathogenic Pseudomonas syringae by Sphingomonas
strains in a controlled model system. Appl. Environ. Microbiol. 77, 3202–3210.
doi: 10.1128/AEM.00133-11
Janssen, P. H. (2006). Identifying the dominant soil bacterial taxa in libraries of
16S rRNA and 16S rRNA genes. Appl. Environ. Microbiol. 72, 1719–1728. doi:
10.1128/AEM.72.3.1719-1728.2006
Janssen, P. H., Yates, P. S., Grinton, B. E., Taylor, P. M., and Sait, M.
(2002). Improved culturability of soil bacteria and isolation in pure
culture of novel members of the divisions Acidobacteria, Actinobacteria,
Proteobacteria and Verrucomicrobia. Appl. Environ. Microbiol. 68, 2391–2396.
doi: 10.1128/AEM.68.5.2391-2396.2002
Joseph, B., Patra, R. R., and Lawrence, R. (2007). Characterization of plant growth
promoting rhizobacteria associated with chickpea (Cicer arietinum L.). Int. J.
Plant Product. 2, 141–152.
Kelderer, M., Manici, L. M., Caputo, F., and Thalheimer, M. (2012). Planting
in the ‘inter-row’ to overcome replant disease in apple orchards: a study on
the eﬀectiveness of the practice based on microbial indicators. Plant Soil 357,
381–393. doi: 10.1007/s11104-012-1172-0
Klaus, H. (1939). Das Problem der Bodenmüdigkeit unter Berücksichtigung des
Obstbaus. Landw. Jahrb. 89, 413–459.
Kropf, S., Heuer, H., Grüning, M., and Smalla, K. (2004). Signiﬁcant
test for comparing complex microbial community ﬁngerprints using
pairwise similarity measures. J. Microbiol. Methods 57, 187–195. doi:
10.1016/j.mimet.2004.01.002
Kviklys, D., Lanauskas, J., Sakalauskaite˙, J., Kvikliene˙, N., and Uselis, N. (2008). Soil
exhaustion and rootstock eﬀect on the growth of apple plantingmaterial. Agron.
Res. 6, 511–516.
Mai, W. F., and Abawi, G. S. (1978). Determining the cause and extent of apple,
cherry and pear replant diseases under controlled conditions. Phytopathology
68, 1540–1544. doi: 10.1094/Phyto-68-1540
Mai, W. F., Merwin, I. A., and Abawi, G. S. (1994). Diagnosis, etiology and
management of replant disorders in New York cherry and apple orchards. Acta
Hort. 363, 33–41. doi: 10.17660/ActaHortic.1994.363.5
Mazzola, M. (1998). Elucidation of the microbial complex having a causal role in
the development of apple replant disease in Washington. Phytopathology 88,
930–938. doi: 10.1094/PHYTO.1998.88.9.930
Mazzola, M., and Manici, L. M. (2012). Apple replant disease: role of microbial
ecology in cause and control. Annu. Rev. Phytopathol. 50, 45–65. doi:
10.1146/annurev-phyto-081211-173005
McNamara, N. P., Black, H. I. J., Beresford, N. A., and Parekh, N. R. (2003). Eﬀect
of acute gamma irradiation on chemical, physical and biological properties of
soils. Appl. Soil Ecol. 24, 117–132. doi: 10.1016/S0929-1393(03)00073-8
McNamara, N. P., Griﬃths, R. I., Tabouret, A., Beresford, N. A., Bailey,
M. J., and Whiteley, A. S. (2007). The sensitivity of a forest soil microbial
community to acute gamma-irradiation. Appl. Soil Ecol. 37, 1–9. doi:
10.1016/j.apsoil.2007.03.011
Neumann, G., Bott, G. S., Ohler, M. A., Mock, H. P., Lippmann, R., Grosch, R.,
et al. (2014). Root exudation and root development of lettuce (Lactuca
sativa L. cv. Tizian) as aﬀected by diﬀerent soils. Front. Microbiol. 5:2. doi:
10.3389/fmicb.2014.00002
Otto, G., Winkler, H., and Szabo, K. (1994). Proof of actimomycetes in rootlets
of species of Rosaceae from a SARD soil – a contribution of the speciﬁcity
of replant diseases. Acta Hort. 363, 43–48. doi: 10.17660/ActaHortic.199
4.363.6
Pankratov, T. A., Tindall, B. J., Liesack, W., and Dedysh, S. N. (2007).
Mucilaginibacter paludis gen. nov., sp. nov. and Mucilaginibacter gracilis
sp. nov., pectin-, xylan and laminarin-degrading members of the family
Sphingobacteriaceae from acidic sphagnum peat bog. Int. J. Syst. Evolu.
Microbiol. 57, 2349–2354. doi: 10.1099/ijs.0.65100-0
Parchomchuk, P., Neilsen, G. H., and Hogue, E. J. (1994). Apple tree growth
response to N fertigation of replant soil: comparison of greenhouse pot test and
ﬁeld results. Acta Hort. 363, 65–73. doi: 10.17660/ActaHortic.1994.363.9
Politycka, B., and Adamska, D. (2003). Release of phenolic compounds from
apple residues decomposing in soil and the inﬂuence of temperature on their
degradation. Pol. J. Environ. Stud. 12, 95–98.
Frontiers in Microbiology | www.frontiersin.org 11 November 2015 | Volume 6 | Article 1224
Yim et al. Bacterial communities in replant soils
Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al.
(2007). SILVA: a comprehensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB. Nucl. Acids Res. 35,
7188–7196. doi: 10.1093/nar/gkm864
Pullman, G. S., DeVay, J. E., and Garber, R. H. (1981). Soil solarization and thermal
death: a logarithmic relationship between time and temperature for four
soilborne plant pathogens. Phytopathology 71, 959–964. doi: 10.1094/Phyto-71-
959
Rivas, R., Velázquez, E., Willems, A., Vizcaíno, N., Subba-Rao, N. S., Mateos, P. F.,
et al. (2002). A new species ofDevosia that forms a unique nitrogen-ﬁxing root-
nodule symbiosis with the Aquatic legume Neptunianatans (L.f.) Druce. Appl.
Environ. Microbiol. 68, 5217–5222. doi: 10.1128/AEM.68.11.5217-5222.2002
Rühmann, S., Leser, C., Bannert, M., and Treutter, D. (2002). Relationship between
growth, secondary metabolism and resistance of apple. Plant Biol. 4, 137–143.
doi: 10.1055/s-2002-25727
Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M.,
Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-
independent, community-supported software for describing and comparing
microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. doi:
10.1128/AEM.01541-09
Schreiter, S., Ding, G. C., Heuer, H., Neumann, G., Sandmann, M., Grosch, R.,
et al. (2014). Eﬀect of the soil type on the microbiome in the rhizosphere of
ﬁeld-grown lettuce. Front. Microbiol. 5:144. doi: 10.3389/fmicb.2014.00144
Smalla, K.,Wieland, G., Buchner, A., Zock, A., Parzy, J., Kaiser, S., et al. (2001). Bulk
and rhizosphere soil bacterial communities studied by denaturing gradient gel
electrophoresis: plant-dependent enrichment and seasonal shifts revealed.Appl.
Environ. Microbiol. 67, 4742–4751. doi: 10.1128/AEM.67.10.4742-4751.2001
Sticher, L., Mauch-Mani, B., and Métraux, J. P. (1997). Systematic
acquired resistance. Annu. Rev. Phytopathol. 35, 235–270. doi:
10.1146/annurev.phyto.35.1.235
St. Laurent, A., Merwin, I. A., Fazio, G., Thies, J. E., and Brown, M. G. (2010).
Rootstock genotype succession inﬂuences apple replant disease and root-zone
microbial community composition in an orchard soil. Plant Soil 337, 259–272.
doi: 10.1007/s11104-010-0522-z
Sun, J., Zhang, Q., Zhou, J., and Wei, Q. (2014). Illumina amplicon sequencing
of 16S rRNA tag reveals bacterial community development in the rhizosphere
of apple nurseries at a replant disease site and a new planting site. PLoS ONE
9:e111744. doi: 10.1371/journal.pone.0111744
Suzuki, M. T., Taylor, L. T., and DeLong, E. F. (2000). Quantitative analysis of
small-subunit rRNA genes in mixed microbial populations via 5’- nuclease
assays. Appl. Environ. Microbiol. 66, 4605–4614. doi: 10.1128/AEM.66.11.4605-
4614.2000
Tewoldemedhin, Y. T., Mazzola, M., Labuschagne, I., and McLeod, A. (2011).
A multi-phasic approach reveals that apple replant disease is caused by multiple
biological agents, with some agents acting synergistically. Soil Biol. Biochem. 43,
1917–1927. doi: 10.1016/j.soilbio.2011.05.014
Topp, E., Mulbry, W. M., Zhu, H., Nour, S. M., and Cuppels, D. (2000).
Characterization of s-triazine herbicide metabolism by a Nocardioides sp.
isolated from agricultural soils. Appl. Environ. Microbiol. 66, 3134–3141. doi:
10.1128/AEM.66.7.2773-2782.2000
Trevors, J. T. (1996). Sterilization and inhibition of microbial activity
in soil. J. Microbiol. Methods 26, 53–59. doi: 10.1016/0167-7012(96)
00843-3
Utkhede, R. S. (2006). Soil sickness, replant problem or replant disease and its
integrated control. Allelopathy J. 18, 23–38.
Vaz-Moreira, I., Egas, C., Nunes, O. C., and Manaia, C. M. (2011). Culture-
dependent and culture-independent diversity surveys target diﬀerent bacteria:
a case study in a fresh water sample. Antonie Van Leeuwenhoek 100, 245–257.
doi: 10.1007/s10482-011-9583-0
Westcott, S. W. III, Beer, S. V., and Stiles, W. C. (1986). Infection of apple roots
by actinomycetes associated with soils conducive to apple replant disease. Plant
Dis. 70, 1125–1128. doi: 10.1094/PD-70-1125
Yim, B., Smalla, K., and Winkelmann, T. (2013). Evaluation of apple replant
problems based on diﬀerent soil disinfection treatments-links to soil microbial
community structure? Plant Soil 366, 617–631. doi: 10.1007/s11104-012-1454-6
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2015 Yim, Winkelmann, Ding and Smalla. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 12 November 2015 | Volume 6 | Article 1224
